Competition between amplified spontaneous emission (ASE) and the four-wave-mixing (FWM) process has been observed under conditions of two-photon resonant excitation of the sodium 3d level. The nature of the competition is that the FWM process is able to prevent the occurrence of ASE, even though the gain of the ASE process calculated in the absence of competition effects is much larger than that of FWM. The ASE is suppressed because the fields generated by the FWM process create a new excitation pathway connecting the ground and 3d levels, and under quite general conditions this pathway interferes destructively with that due solely to the applied laser field. These effects are modeled theoretically by solving perturbatively the density-matrix equations of the atomic system, thereby determining the population in the upper level and the nonlinear polarization of the medium.
I. INTRODUCTION
An interesting possibility that can occur in nonlinear optics is the competition between two different processes in a complex and highly nonlinear manner. Perhaps the simplest example of competition effects in nonlinear optics is competition between two different stimulated scattering processes. ' The nature of the competition in this case is that the process with the largest gain grows most rapidly, thus robbing the pump wave of its energy and preventing the growth of other processes. A more subtle type of competition is that in which a coherent (that is, phase-matched) nonlinear optical process suppresses an incoherent nonlinear optical process. The first reported example of such an interaction was the suppression of multiphoton ionization by third-harmonic generation in an atomic vapor. ' Several additional theoretical and experimental studies of competition effects involving these processes have subsequently been reported.
We recently reported the observation of another example of competition between a coherent and an incoherent nonlinear optical process, namely the suppression of amplified spontaneous emission (ASE) by the four-wavemixing (FWM) process. Previous theories of competition effects would not have predicted that competition would occur under our experimental conditions in which the only resonant interaction involves a two-photon transition. We interpreted out observations theoretically by means of a density-matrix calculation performed within a semiclassical framework. This calculation shows that the ASE is suppressed due to a destructive interference between two excitation pathways connecting the ground and excited states. A similar calculation in which the electromagnetic field is treated quantum mechanically has recently been reported by Agarwal. ' His calculation shows that, under conditions of suppression of ASE, the fields generated by the FWM process constitute a squeezed state of the radiation field. The primary intent of the present paper is to present a more detailed account of the experimental and theoretical work presented in our previous letter, and to examine the conditions under which strong suppression is expected to occur.
The experiment in which we observed competition between FWM and ASE was performed in atomic sodium
vapor.
An intense laser field of frequency cu& is tuned near to the 3s~3d two-photon-allowed transition, as shown in Fig. 1(a) . Four-wave mixing" can then occur, leading to the generation of two new fields, one at frequency co2 which is close to the 3d~3p transition frequency and the other at frequency~3 --2'& -co& which is close to the 3p~3s transition frequency. When the laser is tuned exactly to the two-photon-allowed transition, population can be transferred to the 3d level, inverting it with respect to the 3p level and leading to ASE (Refs. 23 and 24) at the 3d~3p transition frequency, as shown in Fig. 1 Fig. 2(b) . These new fields create a second pathway of excitation of the 3d level, involving two-photon absorption of an co2 and an co3 photon, as shown in Fig. 2(c) . We will show in the theoretical section of this paper that under a broad range of experimental conditions the two new fields are generated with amplitudes and phases adjusted in such a manner that these two pathways interfere destructively, preventing the excitation of the 3d level. Any process such as ASE that requires the presence of population in the two-photon excited level will thereby be suppressed. In particular, the efficiency of multiphoton ionization and of parametric mixing can be degraded, as can the possibility of achieving a population inversion in laser-pumped lasers.
II. THEORY
In this section we present a theoretical treatment of the suppression of the upper-level population due to the FWM process. We first solve to fourth order in perturbation theory the density-matrix equations of motion for the three-level atomic system, shown in Fig. 3 
Finally, to fourth order in perturbation theory, we obtain an expression for the population in the upper level c as ir, .
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where r, = & r" (Sb) P(z, t)= QP(co~)e ' ' +c.c. (j=1,2, 3) . (10) J (w, . &w ) denotes the inverse of the lifetime of level c. Under our approximations, pbb' is negligible.
B. The nonlinear polarization The nonlinear polarization of the medium can be obtained in terms of the density matrix calculated in Sec.
IIA as P (z, t) = N (P,bP'b, '+PbcP'cb'+ c.c. ), (9) where N denotes the atomic number density. It is convenient to represent the nonlinear polarization in terms of its frequency components as p( ) 2yFwME E E e -idkz+ 2y
where the susceptibilities for FWM and for two-photon The quantities P (co~) can be obtained in general from Eqs.
(7), (9), and (10). However, our experiments were conducted under conditions such that to good approximation the inequalities ))A3 ))62 and A&, A3 ))I b were satisfied. Under these conditions, the nonlinear polarizations can be expressed simply as Ak =k2+k3 -2k) .
(13b)
The spatial evolution of the field The set of coupled equations given by Eqs. (21) and (22) are very difficult to solve in general. However, considerable simplification occurs for the special case in which the incident laser is tuned to the two-photon resonance so that Az --0 and hence P = 0 and in which the phase-matching condition is precisely satisfied so that 6k=0. Fig. 5 . In Fig. 5(a figure. In the limit of large detuning from the two-photon resonance, I3 approaches the value vr/2 and 6) attains the valuẽ everywhere.
Figure 5(b) shows the dependence of the field amplitude A3 on the wave-vector mismatch and on P. According to Eq. (29), the field amplitude A2 is directly proportional to A3. Figure 5( (14) numerically under these conditions. Representative solutions are shown in Fig. 7 . In order to determine the spectral composition of this light, the cone is imaged onto the entrance slit of a 0.75-m spectrometer having a resolution of 0.2 A.
The portion of the output spectrum that is near the 3d~3p transition frequency is shown in Fig. 8(a) 8(b) shows the emission spectrum in the backward direction under these conditions. The emission is weak compared to the emission in the forward direction and is seen to consist of two narrow components centered at the two transition frequencies. Figure 8( Figure 11 shows the intensity of the emission at co& in the forward direction as a function of the laser intensity under conditions of strong suppression of ASE. The laser is tuned exactly to the two-photon resonance, and the laser confocal parameter is 5 mm. The intensity of this emission is seen to scale quadratically with the intensity of the input laser, as expected from a FWM process in which the fields have evolved so as to be spatially invariant [see Eq. (27) ]. Note that the output intensity depends weakly upon the sodium number density. We believe that this dependence occurs because at higher number densities the conical emission process causes more radiation to be ejected from the interaction region, requiring that more radiation at the co2 frequency be generated to maintain the proper amplitude of the~2 field within the interaction region. of the radiation emitted in the forward direction with the laser tuned precisely to the two-photon resonance. Note that this spectrum is that of FWM and not that of ASE.
In conclusion, we have shown both theoretically and experimentally that four-wave mixing due to the two- 
